I. Introduction M AGNETIC flux pinning, a noncontacting interaction between Type II superconductors and magnetic fields, has been studied at length by the scientific community for its applications to levitating objects in a 1g environment [1] [2] [3] . However, due to the unpowered passive stability that flux pinning can provide, it also has many potential applications for the assembly and reconfiguration of modular space structures [4] and spacecraft formations [5] . Current approaches to autonomous docking of space vehicles [6, 7] , as well as spacecraft reconfiguration and formation flying [8] [9] [10] , rely heavily on active controllers. However, a permanent magnet flux-pinned to a superconductor experiences a passive restoring force that attracts it to the position and orientation it held when the superconductor first cooled below its critical temperature. Previous work and laboratory experiments have suggested that this passively stable effect provides sufficient stiffness and damping to bind modular spacecraft together over separation distances up to about 10 cm [11] . Several possible means for actuation of a flux-pinning interface may be superimposed on the passive stability of this interaction, which requires no power to the superconductor except that required for cooling. In addition to actuation by time-varying magnetic fields such as those from electromagnet coils [12] , a flux-pinned space system can exploit symmetries in the pinned magnetic field to form a noncontacting kinematic mechanism in which the modular components do not touch one another but have some specified kinematic degrees of freedom (DOF) [13] . A simple noncontacting mechanism consisting of a single revolute joint on an air-table testbed has been demonstrated in a laboratory setting [14] .
This note reports the results of two demonstrations of magnetic flux-pinning technologies implemented on CubeSat-sized spacecraft during microgravity flights as part of the NASA Glenn Research Center Facilitated Access to the Space Environment for Technology Development and Training (FAST) program in August 2009. In the first experiment, a CubeSat mockup was flux pinned to a CubeSatscale vehicle carrying superconductors and was expected to demonstrate low-stiffness, noncontacting, passive station-keeping in 6 degrees of freedom (6 DOF). The second experiment studied the reconfiguration of two CubeSat mockups between equilibrium configurations via a revolute joint formed by a flux-pinned noncontacting kinematic mechanism. It was expected that the spacecraft would move about an axis defined by the flux-pinned interface rather than their respective centers of mass. These microgravity flight results highlight the role magnetic flux pinning might play in future small satellite operations.
Each experiment was performed on a microgravity aircraft with two free-floating modules: one containing an array of magnets appropriate to the experiment, and the other containing superconductors in a Dewar of liquid nitrogen. Three experimenters participated in each flight, two equipment managers to monitor the position of the free-floating modules at all times, and one data collector who operated the motion-capture camera. Figure 1 is a diagram of the test setup.
II. 6 DOF Station-Keeping Demonstration
A basic structure of a flux-pinned interface for a modular pair of spacecraft includes a cryocooled superconductor on one module and one or more permanent magnets in an array on the other. The superconductor must be field-cooled in the presence of the magnet array to imprint the magnetic field distribution into the superconductor. This process establishes the equilibrium position and orientation of the magnets and superconductor as their position and orientation when the superconductor first cools below its critical temperature. To keep the superconductors, yttrium barium copper oxide (YBCO) below their critical temperature of 88 K, the superconductor-carrying module consisted of a 0.8 L liquid nitrogen Dewar with two YBCO disks mounted in vacuum at the bottom of the Dewar cylinder. A phase separator and relief valve at the top of the Dewar allowed nitrogen gas boiloff to escape while keeping the cryogenic liquid sealed inside. The entire superconductor carrier was approximately the size of a 3U (30 10 10 cm) CubeSat spacecraft. The second module was a mockup of a 1U (10 10 10 cm) CubeSat. It included a microcontroller, batteries, BlueTooth communications, and an array of NdFeB permanent magnets. The permanent magnet array consisted of two cylindrical magnets with their faces aligned with one cube face. Because this array did not have any rotational symmetry, the flux-pinned connection had nonzero stiffness in all six rigid-body degrees of freedom. During the experiment, the magnet module was arranged such that the face containing all of the magnets was directly facing the superconductor insider the dewar, as shown in Fig. 2 .
During each low-g parabola of the microgravity flight, experimenters removed the CubeSat mockup and superconductor carrier from a protective case and positioned them within fluxpinning distance of one another. Still cameras and 100 frames-persecond (FPS) video documented the mockup spacecraft as they demonstrated flux pinning (Fig. 3) . The photos show magnetsuperconductor separations ranging from a few centimeters up to approximately 5 cm. At these separation distances, and with small permanent magnets in the CubeSat (2.54 cm diameter, 30 g mass), the stiffness provided by flux pinning is only a few newtons per meter [11] . Video data from the microgravity flight support this expectation of low-stiffness behavior.
III. Revolute Joint Demonstration
The revolute joint, or hinge, demonstration consisted of the same superconductor carrier Dewar and a second CubeSat mockup. This mockup consisted of a 10 10 10 cm cube with an arm, projecting from one edge, containing a large cylindrical NdFeB permanent magnet. The dipole axis of this magnet, aligned with the cube edge and displaced approximately 9.5 cm from the cube center, forms a noncontacting revolute joint when flux-pinned to a superconductor. Electromagnets on the cube faces to either side of the hinge-axis magnet provide a means to lock the joint at both extremes of its motion by introducing additional stiffness between the activated electromagnet and superconductor (Fig. 4) . This system is a fully three-dimensional realization of an analogous air-levitated system from the laboratory [14] .
High-speed videos from the microgravity flight demonstrate that this hinge mockup coupled to the superconductor carrier with higher stiffness than the first CubeSat mockup pinned in 6 DOF. The enhanced pinning stiffness is because the hinge-axis magnet is more powerful than the permanent magnets from the 6 DOF stationkeeping demonstration. However, there was near-zero stiffness between the superconductor carrier and hinged CubeSat about a rotation axis defined by the magnetic dipole axis in the protruding arm. Figure 5 demonstrates that flux pinning constrains the two modules to move only in rotation about the hinge magnet axis. The frames in Fig. 5 are stills from a 100 FPS video, rotated so that the superconductor Dewar remains fixed throughout the movie. Motion capture of points on the Dewar and CubeSat provides data for an estimate of the hinge axis, shown at the point where the solid lines intersect. When the hinge is fully closed, these solid lines overlie one another. On the left, Fig. 5a , the YBCO pins flux and the estimate of the hinge rotation axis remains on the dipole axis of the hinge magnet. The CubeSat swings away from the Dewar due to the residual angular momentum after the experimenters released the vehicles. Figure 6 shows the rotation angle of the hinge as a function of time. The rotation is at a constant rate, demonstrating that angular momentum is conserved about the hinge axis. The noise level of this plot is due to motion tracking errors in the video postprocessing. The CubeSat and Dewar also remain at a close separation distance throughout the 1.1 s video. In Fig. 5b , the frames on the right, the liquid nitrogen has boiled off from the Dewar and the YBCO is no longer below its critical temperature. After the experimenter released the CubeSat, the module fails to maintain the close separation distance to the superconductors that would be seen in the presence of flux pinning. In addition, the estimate of the hinge rotation axis wanders off the hinge magnet's dipole axis, leaving the body of the CubeSat and arm enclosure of the hinge magnet entirely by the end of the 0.66 s video. This motion-capture analysis of the video demonstrates that flux pinning constrains the superconductor carrier and CubeSat mockup to rotate about a specific joint axis, which is defined by the dipole axis of the powerful hinge magnet. Without flux pinning, the CubeSat tumbles about an axis running through its center of mass.
The motion-capture videos also provide information on the joint stiffness in the flux-pinned hinge. The in-frame distance from the estimated hinge axis to the motion-capture tracking points varies slowly over the course of the 111 video frames; the frequency of a sinusoid fit to this variation, averaged for all the tracking points, is 0:017 rad=s. The reduced mass of the Dewar and hinge module is 1.02 kg and the video frames have a resolution of 2.3 millimeters per pixel on the flux-pinned modules. Therefore, an upper limit on joint stiffness in the hinge is 7:3 N=m. This value agrees with data obtained in prior 1g experiments with similar magnets, superconductors, and separation distances [11] .
IV. Conclusions
Magnetic flux pinning is a promising technology for spacecraft self-assembly and reconfiguration applications. This Note reported the first demonstration of flux pinning for station-keeping and kinematic reconfiguration of space systems in a microgravity environment at the CubeSat scale. These experiments showed that flux pinning can provide low-stiffness station keeping of spacecraft, and demonstrated an implementation of a flux-pinned, noncontacting revolute joint. The small scale of these demonstration mockups illustrates that flux-pinning hardware could be developed for larger spacecraft with larger power and mass budgets. A larger system could include more powerful magnets for higher-stiffness pinning, more powerful electromagnets for relative position and orientation actuation, or other enhanced capabilities. Future microgravity technology demonstrations involving flux pinning may make use of these concepts to demonstrate self-assembly and reconfiguration concepts with multiple flux-pinned mockup vehicles.
